Abstract. To speed up curing of ethylene vinyl acetate (EVA) films as encapsulation materials for photovoltaic modules, a dual curing agent of benzoyl peroxide (BPO) and butylperoxy 2-ethylhexyl carbonate (TBEC) was introduced in this work. The experimental results indicated that for the weight ratio of BPO/TBEC of 0.6/2.4, over 80% gel content of EVA was yielded after curing at 130°C for 12 min. Compared with the case of single curing agent, the present one obviously operated at much lower temperature with faster rate. By carefully studying the influence of curing agent proportion and curing conditions on gel content of EVA films, as well as rheology and curing kinetics, the mechanism involved was analyzed and verified. The results are believed to be useful for developing new curing system of EVA encapsulation films with improved processability.
Introduction
Silicon wafers in solar cells (also called photovoltaic (PV) modules) are generally embedded in encapsulation polymer films by either glass/glass or glass/plastic technology. The latter plays a vital role to bond different components. So far, the most common encapsulation material for PV modules is ethylene vinyl acetate (EVA) because of its balanced performance [1] [2] [3] . To provide high transparency, electrical insulation and mechanical stability for photovoltaic system, EVA films have to be cured during encapsulation [4] , which has a direct impact on the production efficiency and products quality. It is worth noting that curing of EVA is quite timeconsuming. When dicumyl peroxide (DCP) acts as curing agent, the lamination process typically proceeds under vacuum and high pressure at 150-160°C for a while (> 30 min) [5] . To accelerate curing of EVA films, efforts to develop advanced curing agent have been made. Butylperoxy 2-ethylhexyl carbonate (TBEC), for example, was found to be able to decrease the curing temperature and time to 145°C and 20-25 min, respectively [6] . In addition, benzoyl peroxide (BPO) was applied, which allowed for curing below 100°C. Nevertheless, the high exhaust rate of BPO caused damage to surface roughness and pre-curing would occur as decomposition temperature of BPO was close to the processing temperature. Meanwhile, Beheshty et al. [7] and t-butyl perbenzoate (TBPB) as high temperature curing agent. The results showed that the curing temperature was reduced by 10°C and the curing speed was increased. Firstly, the low temperature curing agent was decomposed to initiate the curing, increasing local temperature of the polymer owing to the exotherm. Then, decomposition of the high temperature curing agent is triggered, which further increase the curing rate [8] . Xia and Cook [9] also used dual radical initiator system of two peroxides with different initiation rates to polymerize nona-ethylene glycol dimethacrylate. The maximum heat flow was reduced and polymerization process was spread over a broader range of temperature without affecting the degree of curing. The above review suggests that dual curing agent rather than single curing agent would be more effective for accelerating curing of EVA films. In this context, we combine BPO and TBEC into one group. It is hoped that the BPO could induce crosslinking reaction of EVA at lower temperature, while TBEC takes effect at higher temperature as mentioned above. Hereinafter, the influences of compounding proportion and curing conditions on gel content of EVA films are investigated to verify our design. Kinetics and rheology of curing as well as optical property and storage performance of EVA films are also studied. The outcomes of this work will be helpful for industrial applications in practice.
Experimental section 2.1. Materials
Granulated EVA copolymer with 32% vinyl acetate (VA) content (EVA MA-10, melt flow index = 40 g/10 min, melting point = 65°C, density = 0.950 g/cm 3 ) was supplied by Polyolefin Company (Singapore) Pte, Ltd. The low temperature curing agent BPO was purchased from Shanghai Aladdin, China. The high temperature curing agent TBEC was bought from Shangyu Shaofeng Chemical Co., Ltd., China. The anti-ageing system of EVA encapsulation films was provided by cooperative enterprise [10] . Ultraviolet absorbent 329, antioxidant 1010 and light stabilizer 944 were also bought from Shangyu Shaofeng Chemical Co., Ltd., China.
Preparation of EVA films
EVA films containing BPO/TBEC were prepared as follows. EVA granules (45.0 g) and a certain portion of the additives were mixed by a HAAKE mixer (RC300p, HAAKE, Germany) at 70°C with a rotor speed of 50 r/min. Afterwards, the compounds were pressed into films 0.40 mm thick (with a 0.15 mm gas exhaust layer) by a laminator (CHTECH, CH-0205, China). For comparison, EVA films with single curing agent TBEC were fabricated under the same way. The curing of EVA films took place in a RGFDY-002 solar cell laminator (Jinan Rui PV Machinery Co., Ltd., China) in vacuum. Effects of curing time and temperature were studied.
Characterization
Cured EVA films were extracted by xylene at 150°C for 24 h (ASTM D5492). After extraction, the samples were dried a vacuum at 80°C for 24 h. Gel content, GC, was calculated from Equation (1): (1) where W 1 denotes the weight of EVA films before extraction, W 2 the weight of EVA films after extraction. To check stability of the curing performance, the EVA films containing curing agent were stored at 60°C for a month and then cured. Then, gel content was determined by the xylene extraction. To monitor the curing process, EVA films with the curing agents were mixed in a HAAKE torque rheometer (RC300p, HAAKE, Germany) for 20 min at different temperatures (110, 120, 130 and 140°C) with a rotor speed of 30 r/min. Torque-time and temperature-time curves were recorded. Kinetics study of curing of EVA films was carried out by differential scanning calorimeter (DSC) with TA instruments Q10 under nitrogen atmosphere at different heating rates (1, 3, 5, 7 and 9°C/min) from -50 to 250°C. The weights of all the specimens were approximately 3-5 mg. A transmittance haze meter (WGT-S, Bogoo, China) was used to measure light-transmittance and haze values of cured EVA films according to the method of ASTM D 1003: 2007 [11] . The storage performance test is according to the following steps. After been stored at 60°C for a month, the EVA films were cured by a solar cell laminator (Jinan Rui PV Machinery Co., Ltd., RGFDY-002) in a vacuum. The gel contents (GC%) of EVA films were tested by xylene extraction.
Results and discussion
Crosslinked EVA chains are insoluble in hot xylene, while the non-crosslinked ones are dissolvable. On the basis of this principle, the gel content measurement not only reflects crosslinking degree of cured EVA films, but also can be used to optimize curing conditions. Figure 1 shows the dependence of gel content of cured EVA films on relative proportions of the dual curing agent. It is seen that under the curing temperature of 130°C, the gel content of the cured EVA films with BPO/TBEC ratio of 0.8/2.2 is about 85%. With a rise in the concentration of TBEC, the gel content gradually decreases. Similar trend also appears for the curing at 120°C. Since the gel content at BPO/TBEC ratio of 0.8/2.2 resembles that at 0.6/2.4, the latter value is chosen as the optimal one from the viewpoint of economic benefit considering that BPO is much cheaper than TBEC. Figure 2 further reveals the effect of curing time.
The gel content of cured EVA films increases with increasing curing time as usual. The most interesting issue lies in the fact that for the curing temperature from 110 to 130°C, the gel content of the EVA films cured by BPO/TBEC is higher than that of the EVA films cured only by TBEC. When the curing temperature is raised to 140°C, the TBEC cured EVA films possess higher gel content. These phenomena imply that BPO serves as an accelerator for TBEC, which reduces both curing time and curing temperature of EVA system. Synergy between dual curing agent can be used to explain this phenomenon that the low temperature curing agent was decomposed to initiate the curing, increasing local temperature of the polymer owing to the exotherm. Then, decomposition of the high temperature curing agent is triggered, which further increase the curing rate [8] .
Consequently, the gel content of the EVA films cured by the dual curing agent at 130°C is almost the same as that cured by TBEC alone at 140°C (cf. Figure 2c and 2d). Since a gel content of 80% fits the requirements of practical usage, the optimum curing conditions can thus be determined: curing temperature = 130°C, curing time = 12 min, and BPO/TBEC = 0.6/2.4, which will be applied in the subsequent tests. Crosslinked networks are built up in the course of curing, which must affect rheological behavior of the polymer. Examination of changes in torque as a function of time would in turn gives us some insight into the curing behavior. Figure 3 shows that following the feeding peak at the beginning, the torque of EVA increases with time due to viscosity increase originating from curing reaction. The torque reaches maximum when curing completes, and then decreases with further increasing time. Figure 3a exhibits that for the curing temperature of 110°C, the torque of EVA cured by BPO/TBEC increases more rapidly than that by TBEC. The curing time corresponding to the maximum torque, t c [12, 13] , of EVA with BPO/TBEC is 9.5 min, while that with TBEC is more than 20 min. In the case of higher curing temperature, the difference of rheological behavior between EVA with BPO/TBEC and EVA with TBEC declines, as characterized by the more and more smaller difference in t c . Clearly, BPO takes effect in the dual curing agent system within a relatively wide temperature range. Even in the case of 140°C, its accelerating role is still perceived.
To investigate curing kinetics of the EVA system, DSC measurements were conducted. It can be observed from Figure 4 that there are several transitions during heating of EVA containing curing agents. Two exothermic peaks appear in the region of 40-80°C, one of which at about 50°C is attributed to a secondary crystallization, whereas the peak around 65-70°C is the thermo-dynamical melting point of the PE crystallites of EVA [14] [15] [16] . The curing of EVA occurs in the region of 100-180°C by the emergence of a double exothermic peak. For EVA with TBEC, enthalpy of the endothermic peak at 125°C is 0.48 J/g and that of the endothermic peak at 150°C is 15.9 J/g. The latter corresponds to the decomposition of TBEC. When the curing agent is replaced by BPO/TBEC, enthalpy of the endother- Further research on curing kinetics of EVA films was also carried out by DSC at different dynamic heating rate ( Figure 5 ) and corresponding kinetics characteristics are listed in Table 1 . The activation energy used to reflect the curing rate can be calculated by classic Kissinger equation (Equation (2)) [17] according to the data in Table 1 :
R is the gas constant, T p is the Kelvin temperature, A and E ! are material constants. The constant E ! , called the activation energy, is often interpreted as the energy barrier opposing the reaction. The constant A, most often called the frequency factor, is a measure of the probability that a molecule having energy E ! will participate in a reaction. Plotted -ln"/T p 2 versus 1/T p curve in Figure 6a give a straight line with a slope of -E ! /R. Caculated E ! for EVA film with TBEC and EVA film with BPO/ TBEC were listed in Table 2 . For comparison, the activation energy was also calculated by Ozawa equation (Equation (3)) [18] .
Corresponding ln" versus 1/T curve was plotted in Figure 6b and calculated E ! were also listed in Table 2 :
As listed in Table 3 , the curing activation energies of EVA estimated by the two methods are similar to each other. It means that the data have a high reliability. In the case of dual curing agent, the curing activation energy is 123.7 J/mol, which is lower than that of EVA cured by TBEC (133.0 J/mol) [19, 20] . It manifests that the curing reaction of EVA becomes easier so that it can be conducted at lower temperature. The accelerating effect of BPO is proved again. Optical losses in a PV module consist of reflection losses and absorption losses of the encapsulations in the front [21, 22] . After curing, optical properties of EVA films might change. 
Conclusions
The dual curing agent of BPO/TBEC proves to be able to significantly lower curing temperature and speed up curing process of EVA films as characterized by evolution of gel content and rheology behavior. Because decomposition of peroxide curing agent BPO under lower temperature initiates the curing of EVA and the exotherm further triggers decomposition of the high temperature curing agent TBEC, the curing activation energy of EVA is reduced. Meanwhile, the optical properties of cured EVA films meet the requirements for practical use with light-transmittances of ~91% and haze values of ~0.35‰. On the other hand, the addition of the dual curing agent does not affect storage stability of the EVA films.
Crosslinking degree of the EVA films pre-stored at 60°C for one month is identical to that of the films without experiencing the storage. 
